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One of the most extensively studied of mammalian cells is the oligodendrocyte, the myelin-forming cell of the central nervous system.
The ancestry and development of this cell have been studied with every approach utilized by developmental biologists. Such detailed efforts
have the potential of providing paradigms of relevance to those interested in analyzing the ancestry and development of any cell type.
One of the striking features of studies on the development of oligodendrocytes is that different analytical approaches have led to strikingly
different theoretical views regarding the ancestry of these cells. On one extreme is the hypothesis that the steps leading to the generation of
oligodendrocytes begin with the generation of a glial-restricted precursor (GRP) cell from neuroepithelial stem cells. GRP cells are thought to
be capable of giving rise to all glial cells (including oligodendrocytes and multiple astrocyte populations), but not to neurons, a process that
appears to require progression through further stages of greater lineage restriction. On the other extreme is the hypothesis that
oligodendrocytes are derived from a precursor cell that generates only motor neurons and oligodendrocytes, with astrocytes being generated
through a separate lineage.
In this review, we critically consider the various contributions to understanding the ancestry of oligodendrocytes, with particular attention
to the respective merits of the GRP cell vs. the motor neuron–oligodendrocyte precursor (MNOP) cell hypothesis. We draw the conclusion
that, at present, the strengths of the GRP cell hypothesis outweigh those of the MNOP hypothesis and other hypotheses suggesting
oligodendrocytes are developmentally more related to motor neurons than to astrocytes. Moreover, it is clear from existing data that,
following the period of motor neuron generation, the major glial precursor cell in the embryonic spinal cord is the GRP cell, and that multiple
previous studies on the earliest stages of oligodendrocyte generation in the developing spinal cord have been focused on a differentiation
stage of GRP cells.
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Introduction provide valuable insights into dysfunction in particularOne of the important challenges in developmental biol-
ogy is to obtain a complete identification of all the sequen-
tial steps required to proceed from a totipotent embryonic
stem cell to a defined differentiated cell type. Understanding
the mechanisms by which particular signaling molecules
and transcriptional regulators contribute to cell type speci-
fication requires identification of the precise target popula-
tions upon which such modulators act. In addition, aside
from its intrinsic interest, such an understanding may0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: mark_noble@urmc.rochester.edu (M. Noble).pathological situations. Moreover, the ability to isolate pure
populations of well-defined precursor cells also enables
testing of predictions about the potential utility of these
cells in tissue repair.
One of the best examples of the problems entailed in
deciphering the complete developmental history of a partic-
ular cell type comes from current studies on the origins of
the myelin-forming oligodendrocytes of the central nervous
system. Here, detailed cellular biological and molecular
analyses of development have led researchers to quite
different views on not only the steps required for oligoden-
drocyte generation but even on the very identity of the
precursor cell populations involved. How this controversy
has come to be, and what needs to be done to resolve areas
of disagreement, offers an important paradigm case for
understanding the steps needed to achieve a convergence
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Indeed, as more pieces of the puzzle of oligodendrocyte
generation seem to have been identified than is the case for
other cell types, achieving such convergence may provide a
useful paradigm of broad general interest.
Overview of analytical methods
The central importance to developmental biology of
understanding the origins of any given cell type has been
associated with the development of a multitude of
approaches to this problem, each of which has its intrinsic
strengths and also has its intrinsic limitations (as summa-
rized in Table 1). Critically, no single approach can provide
an unambiguous picture of the complexities of development.
It is only by combining the information obtained from
multiple approaches that a comprehensive understanding
of lineage can be generated.
An essential component of the analysis of cellular
ancestry is the study of these processes in vivo, which
requires the ability to unambiguously mark individual cells
of origin and follow their fate. Thus, hypotheses derived
from cytological analysis of putative morphological and/or
antigenically defined transition states between different cell
types could only be tested by the introduction of durable
markers of cells to allow certain determination of the origin
of a particular cell type. Early markers relied on naturally
occurring cytological features to identify cells, such as the
heterochromatin differences that allow cells derived from
quail embryos to be recognized when transplanted into
chicken tissue (Le Douarin, 1988, 1993). While hetero-
chromatin markers were invaluable for resolving a range of
controversies, they were utilized in studies where cells were
transplanted as populations and thus did not provide
information on the fates assumed by individual ancestral
cells.
A major evolutionary step in cell lineage analysis was
achieved with the use of retroviral infection in vivo to
express marker proteins in progeny derived from a single
dividing precursor cell. Infection at low frequency (Leber et
al., 1990), or through use of a library of retroviruses that
allows related progeny to be identified by ancillary molec-
ular analysis (Walsh and Cepko, 1992), thus enabling
unambiguous determination of whether a group of cells
are related to a single founder precursor cell. Limitations of
these approaches are that they only allow the identity of
founder cells to be determined by retrospective induction,
and they allow no inferences to be made about members of
clonal cell families in which expression of the reporter gene
has been turned off. Nonetheless, such approaches enable
the unequivocal identification of cells that are clonally
related to each other and thus can be used to provide clear
information about whether different cell types are derived
from a common founder cell.
It is also possible to study cell fate in a prospective
fashion, for example, by injecting cells with fluorescentbeads (Bronner-Fraser and Fraser, 1988). Additionally, to
overcome the problem that such physical markers as beads
are diluted with each successive cell division, it is possible
to label cells with retroviruses that express a fluorescent
reporting gene that allows their progeny to be visualized
during development. This is a technique that has been
applied, for example, in slice cultures of various regions
of the CNS (as in, e.g., Kakita and Goldman, 1999; Kakita
et al., 2003; Okada et al., 1999; Suzuki and Goldman,
2003). Such analyses are limited by the viability of the
culture system, and generally do not allow observations to
be continued for more than several days. Thus, differentia-
tion events that are delayed are not detected.
Another molecular manipulation that enables marking of
particular cells without perturbation of normal development
utilizes cell-type-specific promoters to drive expression of
reporter genes, but this approach also has several intrinsic
weaknesses. Correct interpretation of such studies relies
upon achieving a completely accurate reconstitution of
normal expression patterns by the genetic construct
employed. Moreover, in the absence of a demonstration
that the cells marked are homogeneous in all respects, it is
intrinsically not possible to interpret the outcome of such
experiments in an unambiguous manner. In addition, if the
progeny of a particular cell progress along a developmental
pathway in which the chosen promoter is turned off, then
such cells are no longer recognizable as being related to the
original precursor cell population.
Complementary to observational studies are ones that
perturb development in a manner that can allow inferences
to be drawn about developmental pathways. Among the most
important of such manipulations are genetic ones that alter
the expression of single genes required for the development
of a particular cell type. Such perturbational studies are
critical in identifying genes essential to the occurrence of
particular developmental events. When analyzed in the
context of data obtained by other analytical methods, genetic
disruption experiments can provide important information
about what the normal fate of a population of cells might
have been. Related to such studies is the use of a variety of
means of expressing putative inductive or suppressive mol-
ecules in inappropriate developmental locations.
All of the above manipulations, including genetic pertur-
bations, suffer from the drawback, however, that if a pertur-
bation affects the behavior of a heterogeneous population of
cells, it is then not possible to draw unambiguous conclu-
sions about cellular lineages. A further drawback is that all
conclusions about the identity of precursor cells that give rise
to particular cell types are drawn by inference. Moreover,
such perturbations do not allow one to distinguish between
the possibilities that an alteration directly affects a specific
precursor cell population or instead indirectly affects a
precursor population by first altering the function of an
important external regulator of that population.
Cellular biological studies also form a vital component
of any attempt to understand development, as—unlike most
Table 1
Strengths and weaknesses of approaches to the study of developmental
lineages
Analytical procedure Strengths and weaknesses
Anatomical studies Strength: direct observation of normal development
Weaknesses: does not allow analysis at the clonal
level; identification of cells can be ambiguous
Promoter– reporter Strength: direct observation of normal development
studies in vivo Weaknesses: dependent upon correct expression
from promoter; does not allow analysis at the
clonal level; provides ambiguous results if
population is heterogeneous; gives no information
on initially labeled cells that differentiate along
paths in which the promoter is turned off
Retroviral marking
in vivo
Strength: allows direct observation of normal
development at the clonal level
Weaknesses: analysis should include multiple time
points; cells to be studied need to be at site of
virus delivery and dividing; no means of
controlling for shutting off of reporter expression
in a subset of cells; provides only circumstantial
evidence on the identity of the founder cell of
a clone
Disruption of
gene function
Strength: allows direct perturbation of normal
development
Weaknesses: does not allow analysis at the clonal
level; does not provide information on population
heterogeneity; provides ambiguous results if
population is heterogeneous; does not distinguish
between direct and indirect effects
Forced misexpression
of genes and
Strength: allows analysis of developmental
plasticity in vivo
proteins in vivo Weaknesses: does not allow analysis at the clonal
level; provides ambiguous results if population
is heterogeneous; does not distinguish between
direct and indirect effects; results of
overexpression may be different from results
obtained with normal levels of gene expression
Cellular analysis
in vitro
Strengths: allows clonal analysis in conditions in
which signaling molecules and transcription
factors acting on a precisely defined cell can be
identified; the only approach that readily allows
determination of population heterogeneity and
that readily enables cellular identity to be defined
in detail
Weaknesses: requires identification of growth
conditions that mimic or allow in vitro
development that sheds light on processes
occurring in vivo; provides information on
developmental plasticity rather than
developmental fate; mass culture experiments
require analysis of a homogeneous cell population
Transplantation of
purified cells
Strengths: allows analysis of developmental
and experimental plasticity in vivo;
tremendous potential utility for clinically
relevant problems
Weaknesses: provides information on
developmental (or experimental) plasticity
rather than developmental fate; requires
transplantation of a homogeneous population
of cells to be interpretable
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rather then inferential analysis of precursor cell identity.
Such studies focus on the isolation of defined precursorcells, purification of these cells to homogeneity and the
subsequent study of their properties directly. In vitro
cellular biological analysis allows the developmental po-
tential of a cell to be analyzed, and enables analysis of all
steps involved in progressing along a particular develop-
mental pathway. If a population of cells is sufficiently well
defined, such studies can shed light on the precise cells
whose behavior is modulated by specific transcription
factors or signaling molecules. In addition, for those pre-
cursor cells for which adequate growth conditions have
been determined, it is possible to conduct clonal analysis of
differentiation, thus providing direct evidence of the ability
of a single precursor cell to generate other cell types.
Interpretation of such studies must be tempered, however,
by the realization that a failure to generate a particular cell
type may simply mean that appropriate growth conditions
were not applied. Conversely, it is also possible to expose
cells to growth conditions that are never encountered in
vivo.
Complementary to in vitro studies are transplantation
analyses, which allow cells to be placed in different environ-
ments so as to test their developmental plasticity. As with all
other experimental approaches discussed, however, correct
interpretation of both in vitro and transplantation studies is
critically dependent upon the isolation of homogeneous
populations of cells. The only means of unambiguously
analyzing such homogeneity is through clonal analysis, to
determine if the developmental potential of each member of
a population is identical. Moreover, while in vitro studies
and transplantation studies can reveal the range of cell types
that can be generated from a precursor cell, they do not
demonstrate whether the precursor cell actually generates all
such cell types in vivo.
Fate vs. plasticity
One of the challenging aspects of interpreting develop-
mental studies is that the various approaches to studying the
history of a particular cell type do not always yield identical
answers. The task then is to define experimental strategies
that allow unambiguous interpretation of the data emerging
from these different approaches. Of particular concern is
reconciling the three distinct concepts of developmental
fate, developmental plasticity and experimental plasticity.
These are nested groups, in which fate may or not represent
as broad a range as developmental plasticity, which may or
may not represent as broad a range as experimental plastic-
ity (Fig. 1).
Developmental fate is defined as the differentiation
path(s) that a precursor cell and its progeny will follow if
there are no perturbations to normal development. Defining
developmental fate is not a trivial undertaking, as certain
cell types may only arise at particular times of development.
Thus, fate analysis requires particular attention to the timing
at which the analysis is conducted. Analysis of lineage
progression in a manner that is informative about the range
Fig. 1. Fate, developmental plasticity and experimental plasticity as nested
sets. Numerous studies on development have indicated that cell fate
represents only a portion of a cell’s normal developmental plasticity. More
recent studies suggest that cells can even be induced to reveal an
experimental plasticity that exceeds the range of phenotypes associated with
normal developmental plasticity.
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requires use of techniques (such as retroviral labeling) that
enable the members of a single clone to be identified in a
manner that is unequivocal.
Developmental plasticity represents the range of fates
that a particular precursor cell type can readily undertake
without extensive manipulation in vitro or engraftment into
tissues the precursor cell would not normally encounter. The
range of developmental plasticity for a single precursor cell
would, hopefully, be equal to the range of developmental
fates to which the populations of those precursor cells
contribute in vivo. It is important to stress, however, that
this by no means implies that the progeny of a single
precursor cell will express all of these fates. What is the
case, however, is that the developmental plasticity seen at
the level of an individual precursor cells should represent
the range of cell fates assumed by that population of
precursor cells, taken in toto.
Experimental plasticity, in contrast to developmental
plasticity, would represent the testing of the outermost limits
of plasticity a precursor cell can express, regardless of the
nongenetic manipulations that are required to reveal such
plasticity. Such manipulations could include extensive in
vitro growth, particularly in unusual conditions, and/or
transplantation into sites in which the precursor cell does
not normally exist or into situations the precursor cell might
not normally encounter. The range of experimental plasticity
of a population may exceed, by a lot or a little, the range of
developmental plasticity.
While it is clear that the boundary between these two
types of plasticity may not be a sharp one, we think it
important to distinguish functionally between at least the
polar extremes of some very different situations that are
currently under study in many laboratories. It is particularly
important to distinguish between developmental and exper-
imental plasticity due to the extraordinary plasticity of stem
cells that has been reported for cells isolated from multiple
tissues (as reviewed, e.g., by Alison et al., 2003; Forbes et
al., 2002; Frisen, 2002; Goodell et al., 2001; Lemischka,
2001; Orlic et al., 2002; Poulsom et al., 2002; Vescovi etal., 2001; Wulf et al., 2001). Moreover, whether genetic
manipulation provides insights into developmental plastic-
ity or experimental plasticity is not something that can be
determined a priori, or by the outcome of a single avenue
of experimentation. Thus, interpretation of experiments in
which cell fate is altered through changing, for example,
the transcriptional regulators normally expressed in a cell
type, may be particularly challenging to interpret in the
context of the normal developmental plasticity of a partic-
ular cell type. Moreover, due to the genotypic manipulation
that occurs, the outcome of such experiments could even
represent the farthest reaches of experimental plasticity. It
is only in the context of other studies that analyses of
experimental plasticity can be interpreted in such a manner
as to be integrated with our understanding of normal
development.
It is an implicit underlying hypothesis of this review that
lineage restriction is a real biological phenomenon, leading
to the successive generation of precursor cells that are
limited in the types of cell types that they can generate. In
this context, it is the belief of the authors of this review
that further studies will reveal as incorrect many of the
examples sometimes cited as indicating that plasticity of
lineage restriction is so great as to call into the question the
extent to which such restriction actually occurs. That such
a view is not without merit is indicated by recent studies
showing that the outcomes of experiments once interpreted
to indicate that hematopoietic stem cells can transdifferen-
tiate to yield liver cells (Lagasse et al., 2000; Wang et al.,
2002) may instead have resulted from an ability of some
cell type(s) generated from transplanted hematopoietic stem
cells to fuse with host liver cells (Vassilopoulos et al.,
2003; Wang et al., 2003). Still, other recent studies raise
the possibility that results interpreted to indicate that
oligodendrocyte precursor cells isolated from optic nerves
of young postnatal rats may be able to generate neurons
under some circumstances in vitro (Kondo and Raff, 2000)
may instead have been due to the presence of NSCs in
optic nerves of young rats (D. van der Kooy, personal
communication).
Contemporary approaches to the analysis of
oligodendrocyte development: the starting points
The key turning point in cellular biological analysis of
the origin of oligodendrocytes came with the identification
of a bipotential progenitor cell in cultures of optic nerve
(Raff et al., 1983b) that can differentiate in vitro into an
oligodendrocyte or into a particular kind of astrocyte
(called the type-2 astrocyte; Raff et al., 1983a). Numerous
studies also have confirmed the ability of these precursor
cells to generate oligodendrocytes following transplantation
(e.g., Groves et al., 1993; Utzschneider et al., 1994;
Warrington et al., 1993), although it remains unknown
whether there are circumstances in which the potential of
these cells to generate astrocytes is utilized in vivo (Espi-
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uncertainty led to the use of two names for these cells, one
being the oligodendrocyte-type-2 astrocyte (O-2A) progen-
itor cell (to reflect the cells’ developmental potential) and the
other name being the oligodendrocyte precursor cell (OPC,
to reflect the clear importance of this cell in oligodendrocyte
generation). As both names are reflective of important
properties of this cell, we use the combined abbreviation of
O-2A/OPC. O-2A/OPCs have been isolated from many
different regions of the CNS and from multiple species.
It is difficult to understate the extent to which the ability
to study a defined precursor cell population revolutionized
studies on oligodendrocyte development, as well as provid-
ing insights into problems of much broader relevance. In
vitro studies on O-2A/OPCs have been essential in identi-
fying signaling molecules that promote division, survival,
migration and differentiation in this lineage (e.g., Barres et
al., 1993, 1994; Bo¨gler et al., 1990; Mayer et al., 1994;
Noble et al., 1988; Pringle et al., 1989; Richardson et al.,
1988). They have led to the identification of vulnerabilities
of these cells that may be of critical importance in under-
standing multiple pathological conditions, including such
diverse situations as multiple sclerosis, spinal injury, leuko-
malacia in premature babies, lacunar infarcts and multiple
nutritional and hormonal deficiency disorder. Studies on
cells of the oligodendrocyte lineage have also provided
insights into such general problems as the role of redox
function in modulating precursor cell function (Smith et al.,
2000), the relationship between histone deacetylation and
both biochemical and morphological differentiation (Marin-
Husstege et al., 2002), and the effects of toxicant exposure
on precursor cell function (Deng and Poretz, 2002; Deng et
al., 2001).
In vitro studies on O-2A/OPCs also provided some of the
antigenic markers crucial to studying the early development
of oligodendrocytes and their ancestors in vivo, thus enabling
the discovery that ancestors of oligodendrocytes appear to
arise at specific times in distinct regions of the ventral spinal
cord or brain. Genes (or proteins) that have been studied as
specific markers of progression along an oligodendrocyte
pathway in the spinal cord include the platelet-derived growth
factor receptor alpha (PDGFRa) (Hall et al., 1996; Pringle
and Richardson, 1993b), the receptor for the major O-2A/
OPC mitogen PDGF-AA (Noble et al., 1988; Richardson et
al., 1988), the enzyme 2V,3V-cyclic-nucleotide 3V-phosphodi-
esterase and DM20, an isoform of the major myelin proteo-
lipid protein (PLP) gene (Ikenaka et al., 1992; Timsit et al.,
1995). In the avian spinal cord, antigens recognized by the
monoclonal antibodyO4 (Sommer and Schachner, 1981) also
define a discrete ventral ventricular location of oligodendro-
cyte precursors (Ono et al., 1995; Orentas and Miller, 1996,
1998). The most extensively studied of these markers,
PDGFRa, is first seen in the developing rat spinal cord at
E14–E14.5 (Hall et al., 1996).
The discovery that putative ancestors of oligodendro-
cytes arise in discrete regions of the CNS has proven to be acentral foundation stone of many further studies on the
earliest stages of oligodendrocyte development in vivo.
These observations—generally analyzed in conjunction
with in vitro studies—have led to the identification of roles
of particular signaling molecules, such as sonic hedgehog
(Shh), in induction of oligodendrocyte generation. As dis-
cussed later, this localized generation of cells thought to
give rise to oligodendrocytes has also been of critical
importance in analysis of transcriptional regulation of dif-
ferentiation along this pathway.
Identification of the tripotential GRP cell as an early glial
precursor cell that also gives rise to oligodendrocytes
Cellular biological studies on the earliest events in spinal
cord development have led to the identification of a second
glial precursor cell that may be a crucial ancestor of the
oligodendrocyte. These studies originated with observations
that neuroepithelial stem cells generate two antigenically
distinct populations of lineage-restricted precursor cells in
vitro, each restricted to the generation of either neurons or
glia. Glial-restricted precursor (GRP) cells (Rao and Mayer-
Pro¨schel, 1997) were labeled with the A2B5 monoclonal
antibody, and were shown to give rise to oligodendrocytes
and two antigenically distinct populations of astrocytes
(corresponding to previous descriptions of type-1 and
type-2 astrocytes). Neuron-restricted precursor (NRP) cells,
in contrast, expressed the polysialylated form of the neural
cell adhesion molecule (PSA-NCAM) and were shown to
give rise to multiple different kinds of neurons and not to
glia (Mayer-Pro¨schel et al., 1997).
Both GRP cells and NRP cells can be directly isolated
from the developing rat spinal cord and grown as purified
populations (Mayer-Pro¨schel et al., 1997; Rao et al., 1998).
Freshly isolated cells exhibit the same lineage restrictions as
those cells derived from neuroepithelial stem cells in vitro.
Clonal studies have demonstrated that GRP cells retain their
tripotential nature even after weeks of in vitro expansion
and several serial reclonings (Rao et al., 1998) and also
exhibit these same restrictions following transplantation in
vivo. GRP cells generate both oligodendrocytes and astro-
cytes following transplantation into brain or spinal cord, and
do not generate neurons even when they migrate into such
neurogenic zones as the rostral migratory stream and olfac-
tory bulb (Herrera et al., 2001). NRP cells, in contrast,
generate only neurons (including motor neurons), even upon
transplantation into such CNS regions as the adult spinal
cord (Cao et al., 2002; Han et al., 2002; Li et al., 2000a).
This generation of neurons by NRP cells following trans-
plantation into the adult CNS is particularly striking in light
of multiple studies indicating that NSCs in similar trans-
plants generate astrocytes or do not differentiate at all (Cao
et al., 2001) unless transplantation is delayed for a week or
more after injury (Ogawa et al., 2002).
GRP cells differ from O-2A/OPCs in multiple ways (Rao
et al., 1998). Freshly isolated GRP cells from the E13.5 rat
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their survival and their division, while division and survival
of O-2A/OPCs can be promoted by PDGF and other
chemokines. Consistent with this difference in chemokine-
response patterns, GRP cells freshly isolated from the E13.5
spinal cord do not express receptors for PDGF (although
they do express such receptors with continued growth in
vitro or in vivo, as discussed later). These populations also
differ in their response to inducers of differentiation. For
example, exposure of GRP cells to the combination of FGF-
2 and ciliary neurotrophic factor (CNTF) induces these cells
to differentiate into astrocytes (primarily expressing the
antigenic phenotype of type-2 astrocytes, Rao et al.,
1998). In contrast, exposure of O-2A/OPCs to FGF-2 +
CNTF promotes the generation of oligodendrocytes (Barres
et al., 1996; Marmur et al., 1998; Mayer et al., 1994).
Moreover, the behavior of these two precursor cell popula-
tions following transplantation is strikingly different. The
ability of GRP cells to readily generate astrocytes following
transplantation into the adult CNS (Herrera et al., 2001)
stands in striking contrast to the behavior of primary O-2A/
OPCs, which thus far only generate oligodendrocytes in
such transplantations (Espinosa de los Monteros et al.,
1993) (although it has been reported that O-2A/OPC cell
lines will generate astrocytes if transplanted in similar
circumstances, Franklin and Blakemore, 1995).
Antigenic and in situ analysis of development in vivo
has confirmed that cells with the A2B5+ antigenic pheno-
type of GRP cells arise in spinal development several days
before the appearance of GFAP-expressing astrocytes, and
also before the appearance of cells expressing markers of
radial glia (Liu et al., 2002). Thus, these cells can be
isolated directly from the developing spinal cord, and cells
with the appropriate antigenic phenotype have been found
to exist in vivo at appropriate ages to play important roles in
gliogenesis.
Thus far, analysis of A2B5+ cells isolated from the early
embryonic spinal cord reveals a great degree of homogeneity
in their ability to generate oligodendrocytes, type-1 and type-
2 astrocytes in vitro (Gregori et al., 2002; Rao et al., 1998).
In addition, GRP cells have been isolated from multiple
species and by multiple means. For example, such cells have
been isolated from the rat spinal cord, the mouse spinal cord
and from murine embryonic stem cells (Mujtaba et al.,
1999). In addition, A2B5+ precursor cells restricted to the
generation of astrocytes and oligodendrocytes have been
derived from cultures of human embryonic brain cells
(Dietrich et al., 2002). Both mouse and human cells share
the ability of rat GRP cells to generate oligodendrocytes and
more than one antigenically defined population of astrocytes.
The GRP cell as an ancestor of the O-2A/OPC
A number or questions arise from the fact that it is
possible to isolate two distinct precursor cell populations
(i.e., GRP cells and O-2A/OPCs) from the developinganimal, each of which can generate oligodendrocytes. Is
the relationship between these two populations one of
lineage restriction or lineage convergence? If GRP cells
and O-2AOPCs are related, what signals promote the
generation of one from the other and how can the existence
of both populations be integrated with existing studies on
the generation of oligodendrocytes during spinal cord
development?
In vitro studies have demonstrated that GRP cells can
give rise to O-2A/OPCs if exposed to particular signaling
molecules. In these experiments, cultures of GRP cells
derived from E13.5 rats were grown in conditions known
to induce the generation of oligodendrocytes (Gregori et al.,
2002). At the initiation of these experiments, no cells in the
GRP cell cultures were labeled with the O4 antibody, which
can be used to recognize O-2A/OPCs at a stage of devel-
opment at which the generation of both oligodendrocytes
and type-2 astrocytes in vitro is possible (Barnett et al.,
1993; Grzenkowski et al., 1999; Trotter and Schachner,
1989). When GRP cells that originally had been grown in
the presence of FGF for several days were exposed to a
combination of PDGF and thyroid hormone (TH), however,
O4+ cells were generated in the cultures. Purification of
cells that were O4+ but did not express galactocerebroside
(GalC, a marker of oligodendrocytes), and subsequent
examination of the differentiation potential of these cells
at the clonal level, confirmed that they behaved like O-2A/
OPCs rather than like GRP cells (Gregori et al., 2002).
When O4 +GalC cells were grown in conditions that
induced the generation of astrocytes, the resulting clones
contained only type-2 astrocytes. In contrast, O4 negative
cells derived from the GRP cell cultures cells behaved as did
freshly isolated GRP cells in these conditions, and generated
clones containing both type-1 and type-2 astrocytes. More-
over, we could find no GalC +O4 oligodendrocytes in any
conditions, which would have at least raised the possibility
that oligodendrocytes might be generated directly from GRP
cells. Such results are consistent with previous observations
that passage through an O4+/GalC stage of development
is required for oligodendrocyte generation from bipotential
O-2A/OPCs (Gard and Pfeiffer, 1990, 1993; Gard et al.,
1995).
Unlike PDGFR+ cells, it does not appear that GRP cells
are entirely restricted to the ventral spinal cord during early
development. Even at E13.5 (up to a full day before the
appearance of PDGFR+ cells in the rat ventral cord; Hall et
al., 1996), both dorsal and ventral regions of spinal cord
contain A2B5+ cells that, when analyzed at the clonal level,
were found to be tripotential GRP cells (Gregori et al., 2002).
All clones contained both type-1 and type-2 astrocytes when
exposed to fetal calf serum or BMP, and all clones were
capable of generating both O4 +GalC cells and GalC+
oligodendrocytes. Antigenic analysis in vivo also confirms
that the domain of A2B5+ cells in the spinal cord at E14.5
includes the domain of PDGFR+ cells but extends further
laterally, dorsally and ventrally (Liu et al., 2002).
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ventral spinal cord of E13.5 rats, there appear nonetheless
to be potentially interesting differences in these two pop-
ulations. The frequency of A2B5+ cells was greater ven-
trally than dorsally at E13.5 (52 F 7% vs. 19 F 8% of all
cells, respectively), in agreement with immunohistochemi-
cal analysis of spinal cord development (Liu et al., 2002).
While both dorsal and ventral GRP cells responded simi-
larly to exposure to PDGF + TH in their ability to generate
O4 +GalC cells, only ventral-derived cells generated a
significant number of oligodendrocytes over a 5-day time
period (Gregori et al., 2002). Ventral-derived cells may be
generally more inclined to differentiate at this stage, as they
also showed a greater tendency to generate astrocytes in
response to low concentrations (1 ng/ml) of BMP-4.
Strikingly, in the ventral-derived cultures, exposure to
BMP-4 was also associated with differentiation of over
half of the cells into O4 +GalC cells (although not
further into GalC+ oligodendrocytes), whereas only 12%
of the cells in the dorsal-derived cultures were O4 +GalC
in these conditions. Thus, it appears in general that al-
though both dorsal and ventral-derived GRP cells can
generate oligodendrocytes, the ventral-derived populations
exhibit a greater tendency to readily progress along this
pathway.
That the overall population of GRP cells may contain
subsets of cells with different properties is also indicated
by analysis of patterns of antigen and mRNA expression in
the developing spinal cord (Liu et al., 2002). For example,
it appears that the domain of Nkx2.2-expressing cells in
the E11.5–E.13.5 spinal cord forms a subdomain within
the population of A2B5+ cells. Whether such heterogeneity
in patterns of transcription factor expression is associated
with heterogeneity of biological properties may only be
revealed by applying techniques of quantitative analysis of
what might be subtle differences in clonal properties, as
has been developed for analysis of O-2A/OPCs (e.g.,
Boucher et al., 1999; Yakovlev et al., 1998a, 1998b; Zorin
et al., 2000).
The GRP cell hypothesis
The above observations, when combined, allow us to
formally state the GRP cell hypothesis as follows:
During spinal cord development, the progression from
pluripotent neuroepithelial stem cell to differentiated cell
types requires prior generation of lineage-restricted
precursor cells.
In one developmental path that is utilized in vivo, neurons
and glial cells come from different lineage-restricted
precursor cells (NRP and GRP cells, respectively).
GRP cells, in response to local environmental signals,
can generate either astrocytes or oligodendrocytes, with
oligodendrocyte generation involving the intermediate
generation of O-2A/OPCs.At present, the simplest model of oligodendrocyte gen-
eration that appears to be consistent with the data discussed
thus far would be that production of these cells requires the
initial generation of GRP cells from NSCs followed by the
generation of O-2AOPCs from GRP cells. Previous studies
(Rao and Mayer-Pro¨schel, 1997; Rao et al., 1998) indicated
strongly that GRP cells are a necessary intermediate be-
tween NSCs and differentiated glia, and our subsequent
experiments raise the possibility that O-2A/OPCs are a
necessary intermediate between GRP cells and oligoden-
drocytes, at least in the developing spinal cord (Gregori et
al., 2002).
There are several claims that the GRP cell hypothesis
explicitly does not make. Critically, the above hypothesis
does not state that all GRP cells give rise to both oligoden-
drocytes and astrocytes in vivo. It is clear that the differen-
tiation fate of the progeny of a particular founder cell will be
modulated by the microenvironment in which those progeny
are localized. The generation of astrocytes and oligoden-
drocytes from a single founder cell requires that the progeny
of the founder cell migrate into different microenviron-
ments. What the hypothesis does predict, in contrast, is
precisely what has been reported, that is, that A2B5+ cells
isolated from ventral regions (where oligodendrocytes will
be generated) or dorsal regions (where astrocytes will be
generated) of the early spinal cord will all be tripotential
cells restricted to the generation of glia.
The GRP cell hypothesis also does not state that the GRP
cell is the only possible ancestor intermediate between all
oligodendrocytes, or all astrocytes, and the NSC. It may be
that there are many lineage relationships to be discovered in
the developing and adult CNS, of which this is just one. For
example, it has long been proposed that the cells that
produce the initial astrocytic component in optic nerves
come from the original optic tract, with oligodendrocytes
arising from a migratory O-2A/OPC population that does
not enter the nerve until as late as E17 (Small et al., 1987).
There also is abundant evidence that radial glial cells can
transform into astrocytes in vivo (e.g., Hartfuss et al., 2001).
Whether such radial glia are derived directly from NSCs, or
may also be derived from GRP cells, is not yet clear.
Critically, the separate isolation of a precursor cell restricted
to the generation of neurons and oligodendrocytes (a pos-
sibility that is discussed in the following section) would
only help to disprove the GRP cell hypothesis if one
believed that the CNS has only one pathway by which
oligodendrocytes are generated. There is no a priori reason
to believe that there is only one path to a particular
differentiation fate. For example, it has been shown that
muscle, cartilage and bone of the head and face arise from
both mesenchymal and neural crest lineages (e.g., Baroffio
et al., 1991; Chambers and McGonnell, 2002).
Finally, the GRP cell hypothesis does not require that all
A2B5+ cells derived from the embryonic spinal cord be alike
in all ways. It has recently been shown that O-2A/OPCs from
different regions of the developing CNS express profound
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renewing division and in their responsiveness to inducers of
differentiation (Power et al., 2002). It has been suggested that
these differences are reflective of the time courses of
myelination in the tissues in which these cells are resident.
Yet, these cells are all O-2A/OPCs as defined by their
apparent restriction to the generation of oligodendrocytes
and type-2 astrocytes in vitro. Similarly, although it already
is clear that GRP cells derived from dorsal and ventral spinal
cord of E13.5 rats may express some different properties
(Gregori et al., 2002), they nonetheless thus far are appar-
ently identical with respect to their tripotentiality.
The motor neuron–oligodendrocyte precursor (MNOP) cell
hypothesis
At the same time that studies have been ongoing on GRP
cells, a wholly separate line of investigation has raised
questions about whether oligodendrocytes are developmen-
tally more closely related to motor neurons than they are to
astrocytes. The MNOP hypothesis was based initially on
observations that both motor neurons and oligodendrocytes
arise in a similar (and possibly identical) discrete zone of the
ventral spinal cord (reviewed in Richardson et al., 1997,
2000) Moreover, it was found that similar concentrations of
Shh are required for the induction of both cell types (Pringle
et al., 1996) and in vitro the induction of oligodendrocytes
(e.g., by ectopic Shh presentation) is frequently accompa-
nied by the induction of motor neurons (Orentas et al., 1999;
Pringle et al., 1996).
The hypothesis that motor neurons and oligodendrocytes
are developmentally related to each other has some intuitive
attractiveness arising from the critical importance of this
particular cell combination in evolution. The ensheathing of
axons with myelin is associated with a large increase in
conduction speed. In annelids and crustacea, pseudomyelin
is preferentially associated with axons required for rapid
escape responses (Davis et al., 1999; Roots, 1993). It has
been suggested that hagfish, which have no myelin, seem
unable to accelerate to avoid capture (Richardson et al.,
2000). One way to ensure that motor neurons and the cells
that ensheath them arise at the same place would be to
derive both cells from the same precursor (as suggested in
Richardson et al., 1997, 2000).
The idea that motor neurons and oligodendrocytes might
be developmentally related was given a further boost by the
findings, from three separate laboratories, that compromis-
ing the function of members of the Olig gene family can
prevent the generation of both motor neurons and oligoden-
drocytes (Lu et al., 2002; Takebayashi et al., 2002; Zhou
and Anderson, 2002). These studies have been discussed in
detail in several detailed recent reviews (Richardson et al.,
2000; Rowitch et al., 2002; Sauvageot and Stiles, 2002).
Olig1 and Olig2 genes are expressed in the developing
mouse spinal cord within the specific region that appears to
give rise to both oligodendrocytes and motor neurons (Lu etal., 2000; Takebayashi et al., 2000; Zhou et al., 2000).
Forced expression of Olig1 or Olig2 in neuroepithelial stem
cells induces expression of early markers of the oligoden-
drocyte lineage (Lu et al., 2000; Zhou et al., 2001).
Moreover, expression of Olig2 in conjunction with neuro-
genin2 appears to be critical for the generation of motor
neurons (Mizuguchi et al., 2001; Novitch et al., 2001).
Perhaps most pertinent to the present review are experi-
ments showing that targeted disruption of Olig2 prevents
oligodendrocyte and motor neuron specification in the
spinal cord (Lu et al., 2002; Takebayashi et al., 2002; Zhou
and Anderson, 2002). (Disruption of Olig1, in contrast,
disrupted normal maturation of oligodendrocytes (Lu et
al., 2002).) In these experiments, conducted independently
by three different laboratories, mice strains were generated
in which olig2 gene function was prevented by homologous
recombination into the olig2 locus (Lu et al., 2002; Take-
bayashi et al., 2002) (or, in one case, Olig1 / Olig2/
double mutant mice, Zhou and Anderson, 2002). In all
cases, generation of both oligodendrocytes and neurons
was severely disrupted. Comparable results have also been
obtained in studies in zebrafish, indicating the general
applicability of these findings across species boundaries
(Park et al., 2002). Thus, the evidence is quite clear that
expression of Olig2 is required for the generation of both
oligodendrocytes and motor neurons.
The results of experiments on Olig gene disruption are
consistent with several possible explanations. The strongest
form, as taken from (Lu et al., 2002), states that ‘‘our genetic
analysis of Olig gene functions and our fate mapping of
Olig-expressing progeny cells are incompatible with the
view that oligodendrocytes arise from a glial-restricted
precursor cell in the developing CNS.’’ As represented in
Fig. 8 of Lu et al. (2002), one possible hypothesis is that
neuroepithelial stem cells give rise to an Olig+ lineage-
restricted precursor cell that is restricted to the generation of
motor neurons and oligodendrocytes. The authors also state
that ‘‘distinct unipotential Olig+ progenitors for motor
neurons or oligodendrocytes could be envisaged.’’ Some
authors (Sauvageot and Stiles, 2002) have interpreted the
results of experiments on Olig / mice as ‘‘challenging
the view that oligodendrocytes arise exclusively from a
glial-restricted progenitor’’ and suggesting that the analysis
of ‘‘fate mapping of Olig-expressing progeny cells are
incompatible with the view that oligodendrocytes arise from
a glial-restricted precursor cell in the developing CNS.’’
Other authors have suggested that these data are consistent
with a range of possible explanations, including the possi-
bility of two separate precursor pools, such as NRP cells and
GRP cells, in each of which Olig gene expression plays
distinct roles in the promotion of particular cell fates
(Richardson et al., 2000; Rowitch et al., 2002; Takebayashi
et al., 2002; Zhou and Anderson, 2002).
It is clearly premature to state a definitive hypothesis
regarding the developmental relationship between motor
neurons and oligodendrocytes. The multiple publications
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categories. The first of these categories is the shared
precursor cell hypothesis, which can be stated as:
The precursor cell that gives rise to oligodendrocytes
does not give rise to astrocytes.
The precursor cell that gives rise to oligodendrocytes also
gives rise to motor neurons.
MNOP cells are not neuroepithelial stem cells, as NSCs
can give rise to all three major cell types of the CNS (i.e,
astrocytes, oligodendrocytes and neurons).
Alternatively, as suggested by Lu et al. (2002), we might
consider a separate hypothesis (the MNP/OP hypothesis)
which might be stated:
There are two distinct precursor cells for motor neurons
(MNPs) and for oligodendrocytes (OPCs), neither of
which gives rise to astrocytes.
The ambiguous case for a restricted oligodendrocyte:
neuron precursor cell
Given the information discussed thus far, it is critical
whether there are any grounds—as some authors have
suggested—for arguing that the GRP cell hypothesis should
be abandoned in favor of an MNOP or MNP/OP hypothesis.
Certainly, there is an intuitive attractiveness to the sugges-
tion that if both oligodendrocytes and motor neurons are
induced by Shh, both express Olig genes, require Olig2 and
both arise in the same location, they may be derived from an
identical precursor cell. Nonetheless, whether the data are
sufficient to support overthrowing the GRP cell hypothesis
is far from clear.
One example of the problems with evidence adduced in
support of the hypothesis that neurons and oligodendrocytes
are derived from a common precursor cell that does not
generate astrocytes is seen in a recent paper arguing for the
existence of a such a bipotential cell (Spassky et al., 2001).
The central experiments provided by Spassky et al. in this
work describe the analysis of cells isolated from the E9.5–
E10.5 spinal cord of mice expressing GFP under control of
the promoter for proteolipid protein (plp, an important
myelin-specific protein). Purification by fluorescence-acti-
vated cell sorting yielded cultures that were 94% plp-GFP+.
When these enriched cultures were grown, in mass culture
(for 15 days on a feeder layer of astrocytes in the presence
of 1% fetal calf serum), the authors found that 45% of the
resulting cells were O4 +GFP+ (interpreted by the authors
as being oligodendrocytes), 5% expressed h-III tubulin and
were GFP-negative (interpreted by the authors as being
neurons) and 50% were nestin +GFP+ and did not express
markers of further differentiation. On the basis of this data,
the conclusion was drawn that ‘‘the plp-GFP progenitors are
therefore bipotent neuro-oligodendroglial progenitor cells,
under these culture conditions.’’While it is the case that the above data can be interpreted
as being consistent with the existence of a bipotential
neuron–oligodendrocyte precursor cell that can be recog-
nized by virtue of early activation of the plp promoter,
multiple other explanations are equally consistent with the
observations. As starting cultures contained 6% GFP-neg-
ative cells, and the h-III tubulin+ cells were also GFP-
negative, no data provided in these studies in fact demon-
strate an origin of the h-III tubulin+ cells from cells that
were GFP+. If one accepts the suggestion of the authors,
however, that the reason the h-III tubulin+ cells were GFP-
negative was that neuronal differentiation was associated
with turning off of the plp promoter, then this creates
problems in analyzing the potential of these GFP-express-
ing cells to generate astroctyes. Aside from the problem that
the culture conditions are ones that do not promote astro-
cyte generation (and thus did not probe the ability of the
enriched cells to differentiate along this pathway), the
possibility that plp-GFP expression would be turned off
with astrocytic differentiation means that it is not possible
to distinguish between astrocytes derived from the trans-
genic population or from the astrocytic feeder layer on
which these cells were grown. The lack of clonal analysis
further means that no formal proof was provided that a
single cell was able to generate both oligodendrocytes and
neurons; thus, these experiments provided no evidence of
multipotentiality at the single-cell level. In short, the data
presented in these studies are not sufficient as to allow
unequivocal insights to be gained regarding the precursor
cells ancestral to oligodendrocytes.
Still another difficulty in deriving unambiguous lineage
information from studies in which reporter genes are
expressed from the plp promoter is seen when studies using
slightly different promoter elements are compared. For
example, the laboratory of Zalc et al. used a proteolipid
protein promoter construct obtained from the laboratory of
Macklin et al. that targets the transgene protein (h-galacto-
sidase) into the compact myelin due to retaining the first 13
amino acids of the PLP protein on it. Using this construct in
a transgenic mouse, the data obtained from in situ studies
were interpreted to suggest that there are two oligodendro-
cyte lineages at different ages and places in the developing
embryo, one of which is PLP+/PDGFR and one of which
is PDGFR+/PLP (Spassky et al., 1998). In contrast, the
Macklin laboratory has more recently modified their origi-
nal construct to express EGFP, to remove the ATG site of
the PLP protein and to include the PLP 3VUTR. The latter
modification appears to allow higher expression of appro-
priately targeted protein, and the use of EGFP allows
immunofluorescence analysis of associated markers (Mallon
et al., 2002). In these animals, cells that express the NG2
proteoglycan (which is co-expressed with the PDGF recep-
tor) and in which PLP promoter elements were activated
(visualized through EGFP expression) were readily found.
In these animals, no evidence for the separate existence of
NG2-expressing and PLP-expressing cells in different pla-
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the presence of NG2+ cells that were EGFP+ and others that
did not express EGFP. Such observations could indicate that
PLP(EGFP)-expressing cells transition through both
PDGFR /PDGFR+ stages or, as suggested by the authors,
that it is only the NG2+/PLP(EGFP)+ cells that actually
develop into oligodendrocytes. The remaining cells could
develop, for example, into the adult NG2+ cells that extend
processes along axons to form discrete contacts with axo-
lemma at nodes of Ranvier (Butt and Berry, 2000), or may
develop into a stem-cell like population of adult-specific O-
2A/OPCs (Levine et al., 2001; Noble et al., 1992; Wren et
al., 1992).
Studies have not yet been reported on whether PLP
expression is found in different antigenically defined neural
precursor cells in the early embryonic spinal cord in either
of the mouse strains in which the plp promoter drives
reporter gene expression. Nor have any laboratories
reported on clonal analysis of PLP-expressing cells derived
from these animals, as analyzed in vitro or following
retroviral infection in vivo. Thus, it is premature to draw
firm conclusions about lineage relationships from these
studies. What does seem clear, however, is that unless
one actually examines multiple reporter and promoter con-
structs, it is all too easy to observe phenomena that no
longer exist when experimental parameters are slightly
changed.
Data derived from studies on the expression and function
of Olig1 and Olig2 genes also contain substantial ambigu-
ities. As these studies provide no evidence that has been
presented of the derivation of both motor neurons and
oligodendrocytes from a single lineage-restricted founder
cell, the only conclusion that can be drawn from these
experiments is that Olig1 and Olig2 genes are expressed in a
population of ancestral cells of unknown heterogeneity. As
has been pointed out in a notably careful recent review
(Rowitch et al., 2002), this population may well consist of
separate Olig1+/Olig2+ precursors for neurons and for
oligodendrocytes.
Critically, it is not yet possible to draw firm conclusions
from existing studies on whether astrocytes are ever gener-
ated in vivo from cells that are at some point induced to
express Olig genes. Suggestions that Olig2+ cells do not
generate astrocytes, and that disruption of Olig gene func-
tion does not alter astrocyte development (Lu et al., 2002),
are not without problems, as these suggestions were not
tested by determination of whether larger numbers of
astrocytes are generated in the developing spinal cord of
Olig-compromised animals at particular stages (which
would be a possible consequence of such perturbations). It
is also the case that in Olig2 / mice in which the Olig2
gene was disrupted by targeted replacement with tamoxifen-
inducible Cre recombinase, at least some of the Cre-
expressing cells expressed the astrocyte marker S100h
(Takebayashi et al., 2002). Similarly, in Olig1 /
Olig2 / mice in which GFP was expressed in the Olig2locus, half of the GFP-expressing cells differentiated into
astrocytes in vivo (Zhou and Anderson, 2002). As these
experiments were conducted in animals in which no func-
tional Olig genes were expressed, no conclusions regarding
Olig gene expression and lineage restriction can be drawn,
but the conclusion can be drawn that the signals that induce
Olig gene expression are not sufficient to cause restriction of
the resultant precursor cells away from astrocytic pathways.
If one believes, however, that disruption of the function of
Olig1 and Olig2 genes in vivo is revealing of developmental
plasticity (as contrasted with experimental plasticity), then
the interpretation of the experiments of Takebayashi et al.
(2002) and Zhou and Anderson (2002) would be that cells
exposed to signals that induce expression of Olig1/2 can
readily generate astrocytes if Olig gene expression is dis-
rupted. Recent experiments by Liu and Rao also have
suggested that cells that express Olig1 may even become
astrocytes in vivo. Examination of sections of developing
spinal cords of heterozygous Olig1-Cre/Rosa-LacZ mice
(Lu et al., 2002) demonstrates the expression of h-galacto-
sidase activity in cells which co-expressed astrocytic and
radial glial markers (Liu and Rao, in press). The possibility
that cells induced to express Olig gene products can still
become astrocytes is consistent with observations that
A2B5 +NG2 + PDGFR+ cells (which would be expected
to express Olig2) derived from the ventral spinal cord of
E16 rats readily generate oligodendrocytes and two pop-
ulations of astrocytes in vitro when exposed to appropriate
conditions, and thus appear to be GRP cells (Gregori et al.,
2002, MMP et al., in preparation).
There are also other experiments that have been cited in
the literature as supportive of the hypothesis that oligoden-
drocytes are more closely related to neurons than to
astrocytes, but these experiments too cannot be interpreted
so unambiguously as to support such a conclusion. For
example, it has been suggested (Rowitch et al., 2002) that
recent in vitro studies of He et al. (2001) support the
existence of a precursor in the brain for both oligodendro-
cytes and GABAergic neurons. This elegant study on
pluripotent stem cells, however, never probed the ability
of the cells under investigation to make astrocytes (in fact,
the word ‘‘astrocyte’’ is not mentioned at all in the body of
the paper). Astrocytes were not examined in these partic-
ular studies as multiple previous studies have shown that
all stem cells examined generate astrocytes in abundance
(Sally Temple, personal communication). Thus, it is an
overinterpretation of the data to suggest that these experi-
ments support the existence of a neuron–oligodendrocyte
precursor cell above and beyond the NSC itself, an
interpretation that was not suggested by the original
authors. It should be axiomatic that in the absence of
attempts to induce astrocyte generation, no conclusions
can be drawn about the potential of cells examined to
generate astrocytes. It is possible, as reported in recent
interesting studies by Yung et al. (2002), that exposure to
Shh may convert pluripotent forebrain stem cells to pre-
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neurons, but not astrocytes. Proving the existence of such
a restricted precursor, however, was no more the purpose of
the studies of Yung et al. (2002) than it was a purpose of
the studies of He et al. (Mark Mehler, personal communi-
cation). Thus, establishment of the existence of a forebrain
precursor cell that is able to readily make oligodendrocytes
and neurons, but not astrocytes, remains as incomplete a
task as the isolation of a committed spinal cord precursor
cell restricted to the generation of motor neurons and
oligodendrocytes.
It should be noted that studies on the cortex also
emphasize the critical importance of recognizing the poten-
tial heterogeneity of precursor cell populations in experi-
mental design and data analysis. In these experiments,
A2B5+ precursor cells isolated from the E13.5 rat cortex
were found to generate oligodendrocytes, astrocytes and
neurons in vitro, suggesting an absence of lineage restriction
in this population. Such an outcome is far different from that
obtained with A2B5+ cells derived from the E13.5 rat spinal
cord, where all such cells appear to be GRP cells (Gregori et
al., 2002; Rao et al., 1998). Further studies revealed,
however, that the E13.5 cortex actually contains several
different populations of A2B5+ precursor cells (Noble et al.,
2003). One of these populations of A2B5+ cells co-
expresses PSA-NCAM, an antigen not expressed by GRP
cells of the spinal cord. These double-positive cells, but not
the PSA-NCAM /A2B5+ cells, were able to generate
neurons in vitro when grown in the presence of neuro-
trophin-3 and retinoic acid. While A2B5+ cells that did not
express PSA-NCAM did not generate neurons in these
conditions, and thus far appear to be glial restricted, clonal
analysis indicates that this population is nonetheless still
more heterogeneous than the A2B5+/PSA-NCAM GRP
cells of the E13.5 spinal cord. Spinal cord GRP cell clones
exposed to BMP contain a mixture of type-1 and type-2
astrocytes (Gregori et al., 2002; Rao et al., 1998). In
contrast, approximately 16% of the clones derived from
cortical A2B5+/PSA-NCAM cells generated only type-2
astrocytes when exposed to BMP, and approximately 17%
generated clones containing only type-1 astrocytes in these
conditions (Noble et al., 2003). While it may be some time
before a comprehensive understanding of precursor cell
development in the cortex emerges, it is already clear that
any studies that assume homogeneity of a population based
on a single marker—and that fail to conduct clonal analysis
of developmental potential—are likely to reach conclusions
that are erroneous.
Outstanding issues
With the inherent ambiguities in the data for the exis-
tence of a restricted motor neuron–oligodendrocyte precur-
sor cell, it seems somewhat premature to declare, as some
authors have done (Sauvageot and Stiles, 2002), that such
experiments call ‘‘into question the concept of a glial-restricted progenitor cell that gives rise only to oligoden-
drocytes and astrocytes,’’ and suggest that ‘‘oligodendro-
cytes may be more closely related to ventral neuron
progenitor cells than to astrocytes in the vertebrate central
nervous system.’’ As discussed in the previous section, and
in several recent publications (Rowitch et al., 2002; Take-
bayashi et al., 2002; Zhou and Anderson, 2002), the existing
corpus of data actually does not enable one to distinguish
between any of the competing hypotheses of oligodendrog-
lial origins.
What is critical now is to conduct experiments that do
discriminate between these competing hypotheses. What
might such experiments be?
One critical question that needs to be answered concerns
the heterogeneity of the Olig2-expressing population found
in the spinal cord at different ages. The MNOP hypothesis
and GRP/NRP hypotheses predict very different outcomes
of such experiments over a range of developmental stages.
Considering the ease with which it is possible to immuno-
label cells expressing GFP or h-galactosidase, and the
availability of mice expressing these marker genes in the
Olig gene loci, this is relatively straightforward information
to obtain. Indeed, recent results indicate that the embryonic
E14.5 spinal cord contains distinct populations of Olig2+/
PSA-NCAM+ and Olig2+/A2B5+ cells, which theoretically
correspond to distinct populations of NRP and GRP cells,
respectively (Liu and Rao, in press). Thus, it appears that
Olig2+ cells comprise an antigenically diverse population at
least during this stage of spinal cord development; further
studies are required to determine if this heterogeneity also
exists before the generation of motor neurons.
Another clear prediction of the GRP/NRP analysis of
development is that the cells that express Olig genes in the
E9.5–E10.5 spinal cord are pluripotent NSCs. This predic-
tion is made due to the failure to find PSA-N-CAM+ NRP
or A2B5+ GRP cells at this developmental stage (Liu et al.,
2002; Mayer-Pro¨schel et al., 1997). Such a prediction could
be readily tested, for example, by studying GFP+ cells from
E9.5– E10.5 spinal cord of heterozygous mice in which
expression of one set of Olig1 and Olig2 genes are dis-
rupted, and the Olig2 coding region is replaced by a
targeting cassette containing a histone–GFP fusion (Zhou
and Anderson, 2002). In vivo, it appears that the behavior of
these cells is precisely as the GRP/NRP hypothesis would
predict, in that such cells can readily differentiate into
astroctyes and nonmotor neurons when Olig gene expres-
sion is compromised (Takebayashi et al., 2002; Zhou and
Anderson, 2002).
The GRP hypothesis also predicts that once motor
neuron generation is completed, the Olig1/2-expressing
population should consist of A2B5+ GRP cells, a prediction
that appears thus far to be correct. This prediction appears to
have been tested as part of our attempts to understand when
and how the putative transition from GRP to O-2A/OPC is
regulated in vivo. Current data indicate that the ‘‘when’’
component of this transition occurs surprisingly late. We
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occur as early as E14/E14.5 and coincide with the appear-
ance of PDGFR+ cells in the ventral region of the embry-
onic rat spinal cord. This has turned out to be incorrect,
however, and current data indicate that cells with the
bipotential lineage restriction of O-2A/OPCs cannot be
isolated from the rat spinal cord until at least E17 (Gregori
et al., 2002, MMP et al., in preparation). Before this point,
clonal analysis of A2B5+ cells isolated from both dorsal and
ventral rat spinal cord indicates that all of these cells appear
to be tripotential GRP cells, including the ventral-derived
ones that are PDGFR+NG-2+. As available data suggest a
high level of overlap between Olig-expressing cells and
PDGFR+ cells (Lu et al., 2000; Tekki-Kessaris et al., 2001;
Zhou et al., 2000), it appears that the prediction that such
cells are GRP cells is correct.
While it is not an essential part of the GRP cell
hypothesis that single precursor cells give rise to both
oligodendrocytes and astrocytes in vivo (as this would
require dispersion of the progeny of a single precursor cell
into different microenvironments), it nonetheless would be
of interest to know if such pairing does normally occur.
Recent studies by Zerlin and Goldman (in press) demon-
strate that this does indeed occur in the mammalian fore-
brain. In these experiments, retroviral labeling of cells of the
neonatal (P0-P2) rat SVZ led to the later appearance of
clonally related astrocytes and oligodendrocytes in the
cortex. In white matter tracts, in contrast, the majority of
progenitors become oligodendrocytes, although some astro-
cytes are also generated. Critically, as the GRP cell hypoth-
esis predicts, it appears to be necessary for progeny to enter
into different microenvironments in order for these clonally
related cells to assume different fates. Moreover, if SVZ
cells were labeled with retrovirus and then, after a further 4
or 5 days of in vivo growth, the cells that had migrated into
the neocortex were isolated and allowed to develop in vitro,
clones contained only glia and no neurons. Some clones
were comprised only of oligodendrocytes, some only of
astrocytes and some contained both kinds of glial cells. As
dissection of these cells at earlier stages following retroviral
labeling revealed mixed neuronal-glial clones (Levison and
Goldman, 1997), it seems that continued development is
associated with progressive fate restriction into glioblasts.
Whether these cells that give rise to oligodendrocytes and
astrocytes, but not to neurons, correspond to GRP cells
remains to be determined.
The above information should not be taken to propose
that the GRP cell hypothesis can be considered as proven
from existing data. It is still not clear, for example,
whether generation of a motor neuron in vivo involves
passage through a PSA-NCAM+ NRP cell stage that is
distinct from any population of cells ancestral to glia. Nor
is it clear whether the A2B5+ cells that are present in the
embryonic spinal cord as early as E11.5 are the ancestors
of both oligodendrocytes and astrocytes in vivo. Although
some progress has been made on analyzing developmentof this A2B5+ population in vivo (Liu et al., 2002), it
would be of value to have additional markers that can be
used to distinguish these cells unambiguously from all
other cell types. Of particular interest would be the
identification of genes that distinguish A2B5+ GRP cells
and PSA-NCAM+ NRP cells from each other and from
NSCs. As both of these populations can be directly
isolated from the embryonic spinal cord and grown as
pure populations in vitro (Mayer-Pro¨schel et al., 1997; Rao
et al., 1998), one hopes that identification of such genes
will be possible. Eventually, identification of such genes
will enable experiments to be conducted in which GRP
cell development is specifically compromised in vivo. If
the GRP cell hypothesis is correct, this should be associ-
ated with disruption of the normal generation of astrocytes,
oligodendrocyte precursor cells and of oligodendrocytes,
but not of motor neurons.
Even if it is correct that motor neurons are generated
from NRP cells and O-2A/OPCs are generated from GRP
cells, there are still many questions that remain unanswered
regarding glial development and GRP cell function. For
example, it will be important to determine whether GRP
cells are a necessary ancestor of CD44+ astrocyte precursor
cells, a possibility consistent with observations that GRP
cells can give rise to such CD44+ cells in vitro (Liu et al.,
2002). Moreover, it has been observed that GRP cells
isolated from the embryonic spinal cord before the appear-
ance of antigenically defined radial glia in vivo can give rise
in vitro to cells with the morphology and antigenic pheno-
type of radial glia (Liu et al., 2002). Is it possible that GRP
cells are an ancestor of radial glia in vivo? If so, are GRP-
cell derived radial glia able to generate neurons (as dis-
cussed in Gotz et al., 2002), or are there multiple popula-
tions of radial glia with different potentialities that have
different developmental origins? It is also a concern that,
thus far, all analysis of GRP cells has been restricted to cells
with the ability to thrive when grown in the presence of
FGF-2 (e.g., Gregori et al., 2002; Herrera et al., 2001; Rao
et al., 1998). Might there be other populations in vivo with
different growth factor requirements? Finally, how can one
interpret even clonal experiments in which a small propor-
tion of clones (e.g., < 5%) behave differently from all other
clones despite being antigenically homogeneous at the
beginning of the experiment? Are such cells different from
their putative siblings? It seems likely that it will prove
necessary to develop increasingly sophisticated approaches
to the quantitative analysis of clonal differentiation, perhaps
analogous to the approaches that we are developing to
analyze clonal differentiation of O-2A/OPCs (e.g., Boucher
et al., 1999; Yakovlev et al., 1998a, 1998b; Zorin et al.,
2000).
Critical to the support of strongest version of the
MNOP hypothesis is the isolation of a cell that, when
analyzed at the clonal level, exhibits such a predicted
lineage restriction even when challenged to become other
cell types. In the end, this still appears to be one of the
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precursor cells, as it allows detailed examination of
cellular properties that is not possible so long as one is
constrained by the limits inherent in examining popula-
tions of cells. It has been shown that GRP cells, grown in
FGF-2 for up to 6 weeks and serially recloned up to three
times, do not generate neurons when placed in conditions
in which NRP cells or NSCs readily generate neurons
(Rao et al., 1998). Moreover, GRP cells do not make
neurons even when transplanted into neurogenic zones of
the CNS (Herrera et al., 2001). Conversely, NRP cells
readily generate cells with the characteristics of motor
neurons both in vitro and following transplantation to the
spinal cord, but have not been observed to generate
oligodendrocytes (Cao et al., 2002; Li et al., 2000b). Such
data make it seem quite likely that the lineage restriction
of GRP and NRP cells is as originally proposed. Such a
lack of neuron generation by GRP cells may seem
surprising in light of suggestions that O-2A/OPCs isolated
from optic nerves of young postnatal rats may be able to
generate neurons under some circumstances in vitro
(Kondo and Raff, 2000). As mentioned earlier, however,
it recently has been suggested that the generation of
neurons in optic nerve cultures may reflect the presence
of NSCs in optic nerves of young rats (D. van der Kooy,
personal communication). The study of GRP cells at the
clonal level means one can eliminate the possibility of
NSCs contributing to the resultant colonies; in such
conditions, we have not been able to generate neurons
from GRP cells. It is a weakness of the MNOP hypothesis
that no comparable data have been provided for the
putative MNOP cell. In addition, with respect to the
hypothesis that one possible interpretation of the effects
of compromising Olig gene function in vivo is that there
are separate committed precursor cells for neurons and
oligodendrocytes, this idea is similar in concept to the
GRP/NRP hypothesis except for positing the early exis-
tence of a restricted oligodendrocyte precursor cell. There
has been no isolation of an oligodendrocyte-restricted
precursor cell from the early embryonic spinal cord,
however, and all experiments thus far indicate that the
A2B5+NG2+PDGFR+ cells isolated from the E14.5 spinal
cord are GRP cells (Gregori et al., 2002). Thus, there are no
data indicating the existence of an oligodendrocyte-restricted
precursor cell in the early embryonic spinal cord.
Are the above experiments actually critical to evaluating
the MNOP hypothesis? One might argue that altering the
environment to which a cell is exposed reveals its potential
more than it reveals normal developmental mechanisms in
vivo. This concern goes to the very heart of the underlying
principles of precursor cell analysis. A failure to perturb
development intrinsically reveals only a restricted view of
the potential of a particular cell, as it restrains said cell
within a specific microenvironment. For those who are
interested in the substrate on which development is played
out—that is, the specific precursor cells themselves—suchinformation provides a necessarily incomplete view of
developmental processes. A more complete view of devel-
opmental potential can only be obtained from experimental
manipulations designed to test such potential.
Nonetheless, it is very important to ask whether the
outcomes of developmental studies in vivo are at least
consistent with an MNOP or MN/OPC hypothesis. This
appears not to be the case. The view that Olig1/2 expression
represents restriction to the motor neuron–oligodendrocyte
pathways makes a very specific prediction that labeling of a
founder cell and its clonal derivatives at stages of spinal cord
development after Olig 1/2 expression occurs will reveal that
motor neuron-containing clones contain oligodendrocytes
but not astrocytes. Highly relevant experiments appear to
have been carried out over a decade ago, using the technique
of injecting retroviral particles expressing bacterial h-galac-
tosidase into the developing chick spinal cord, over a range
of ages including up to one or two cell cycles before all
motor neurons are born (Leber et al., 1990). In these
experiments, 82% of clones that contained motor neurons
also had nonmotor neuron relatives. No evidence was found,
however, for the occurrence of cell types in specific combi-
nations. Forty-two percent of the multicellular clones that
contained motor neurons also contained cells that were
clearly glial in both grey and white matter, with many of
these glial cells being clearly identifiable as astrocytes.
Critically, with respect to the possible longevity of NSCs
in the developing spinal cord, injection of retrovirus as late
as one or two cell cycles before motor neurons are born
revealed clones that contained motor neurons, interneurons
and glia as relatives, with astrocytes prominently repre-
sented among the glia. Although the focus of this study
was on motor neuron development, the authors also noted
the existence of other clones that appeared to contain both
oligodendrocytes and astrocytes (as would be predicted from
the GRP cell hypothesis). The results of these studies are
subject to multiple interpretations, but the reported frequen-
cy of motor neuron/astrocyte clones seems quite divergent
from what one would expect were a restricted MNOP, or
restricted MNP/OPCs, a critical contributor to spinal cord
development.
Why it matters which interpretation is correct
As mentioned in the Introduction, there are multiple
reasons why identifying the correct precursor of a given
cell type is of considerable importance. For example, correct
identification of precursor cells can enable investigations
into specific mechanisms underlying disease states. The
ability to isolate pure populations of particular precursor
cells also enables testing of predictions about the potential
utility of these cells in tissue repair. Moreover, identification
of appropriate target cells is critical to understanding the
mechanism of action of specific signaling molecules or
transcription factors in developmental regulation. All of
these concerns are pertinent to discussion on GRP cells.
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studies in analysis of medical problems is provided by
attempts to understand the basis for the lack of normal
amounts of myelin in both children and experimental
animals that suffer from iron deficiency during critical
developmental periods. Deficiency in dietary iron is the
most prevalent nutrient deficiency in the world. It has been
estimated that 35–58% of healthy women have some
degree of iron deficiency. Iron deficiency is particularly
prevalent during pregnancy. In children, it is associated with
hypomyelination, changes in fatty acid composition, alter-
ations in the blood–brain barrier and behavioral effects
(Dobbing, 1990; Honig and Oski, 1978; Pollitt and Leibel,
1976). It has been reported that the prevalence of iron
deficiency may be as high as 25% for children under 2
years of age, as indicated by measurements of auditory
brain responses (ABRs) to determine conduction speed
(Hecox and Burkard, 1982; Jiang, 1995; Salamy and
McKean, 1976).
Studies on O-2A/OPCs derived from postnatal rats
showed that exposing them to increased iron levels (as is
thought to occur in vivo during the period when myelina-
tion is commencing) did not alter oligodendrocyte genera-
tion or maturation. In contrast, exposure of GRP cells to
increasing levels of bioavailable iron (in the form of ferric
ammonium citrate) demonstrated a significant enhancement
of oligodendrocyte generation (Morath and Mayer-Pro-
schel, 2001). These observations led to the hypothesis that
exposure of pregnant dams to iron deprivation might lead to
later failures of myelination, a hypothesis that ran counter
to the prevalent belief that mobilization of iron stores from
the mother would prevent fetuses from becoming iron
deficient. Testing of this hypothesis demonstrated that iron
deprivation of pregnant mothers was indeed associated with
iron deficiency in the fetus during precisely the time when
it appears that GRP cells are generating O-2A/OPCs in the
developing spinal cord. Moreover, such iron deficiency was
associated with a marked reduction in subsequent oligo-
dendrocyte generation in the developing spinal cord (Mor-
ath and Mayer-Proschel, 2002). There is still much
experimentation to be conducted to determine if hypotheses
about the biology underlying dysmeylination associated
with this clinically important—and all too frequent—con-
dition are correct. Nonetheless, it appears thus far that
analysis of the response of GRP cells to iron provided a
testable hypothesis that was confirmed by subsequent in
vivo studies.
The availability of GRP cells, O-2A/OPCs and NRP cells
also allows highly targeted investigation of the contribution
of particular cell types to the repair of CNS damage.
Multiple studies have demonstrated that transplantation of
O-2A/OPCs selectively yields oligodendrocytes (Espinosa
de los Monteros et al., 1993; Franklin and Blakemore, 1995;
Groves et al., 1993; Warrington et al., 1993), transplantation
of GRP cells yields oligodendrocytes and astrocytes (Her-
rera et al., 2001), and transplantation of NRP cells selec-tively yields neurons (Cao et al., 2002; Li et al., 2000b).
This is a very different situation than occurs with transplan-
tation of pluripotent stem cells, in which the differentiation
fate is much more difficult to beneficially influence in
advance.
As several studies have suggested that embryonic glia
can reduce scar formation following CNS injury, it has been
of considerable interest to determine whether GRP cell
transplantation might have utility in this regard. Early
studies have indicated that GRP cell transplantation may
indeed reduce scarring following contusive spinal cord
injury (Hill et al., 2001; Hill et al., in preparation). It is of
considerable interest to extend these investigations to deter-
mine the range of benefit to be gained, and the utility of the
targeted repair that is enabled by the transplantation of cells
that exhibit a well-defined lineage restriction.
The availability of GRP cells as a purified cell population
that can be isolated from the developing CNS also provides
cells of considerable utility in analysis of the effects of
various mitogens, survival factors, differentiation-inducing
agents and cytotoxic agents. In addition, the ability to
modulate in vitro the transition from NSC to GRP cell,
and from GRP cell to O-2A/OPC, provides critical tools for
deciphering the processes involved in lineage restriction.
The combination of such studies with genomic discovery
and genetic analysis is likely to provide new and exciting
insights into the process of glial development, diversity and
disease.
As there thus far has been no isolation of a cell from the
early embryonic spinal cord that exhibits the lineage restric-
tion of a proposed MNOP (or of MNPs or OPCs), although
the possible existence of such a cell was first suggested in
1996, there are no comparable advances to those described
above in the study of such a population. This statement is
not meant to downplay the importance of studies on the Olig
genes in understanding cellular development, the potential
utility of analysis of Olig gene expression in classification of
brain tumors (Lu et al., 2001; Marie et al., 2001) or the
multiple other interesting findings emerging from this re-
search. Still, many of the benefits normally associated with
the identification of a defined precursor cell have not yet
been forthcoming with respect to a putative MNOP cell.
This lack of progress stands in striking contrast with the
rapid progress in exploring the biology and potential utili-
zation of the GRP cell in injury repair, with multiple such
studies having been completed within a few years after the
first discovery and isolation of GRP cells.Conclusions
At the time of this writing, it appears that the weight of
evidence favors the GRP/NRP hypothesis over both the
MNOP hypothesis and the MNP/OPC hypothesis. This
conclusion is drawn for multiple reasons. Of particular
importance is the fact that both GRP and NRP cells can be
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cells express predicted properties both in vivo and follow-
ing transplantation into multiple CNS regions. While better
markers are required to analyze GRP and NRP cell
development in vivo (although existing ones can yield
considerable data), the weaknesses of the MNOP hypoth-
esis, in particular, appear to be rather more dramatic. Along
with problems that already have been discussed in this
review, some of these weaknesses of the MNOP hypothesis
derive from the inherent limitations of genetic analysis in
vivo. As genes are expressed in multiple cells, one is
interpreting data based upon an effect within cellular
populations of unknown heterogeneity. Heterogeneity can
only be defined by analysis that is revealing of more
extensive information at the single-cell level. The failure
thus far to isolate a cell that can be shown to behave as a
putative MNOP is also a significant problem for this
hypothesis, just as the failure to isolate a restricted oligo-
dendrocyte precursor cell from the early embryonic spinal
cord is a significant problem for an MNP/OPC hypothesis.
A vital cornerstone of precursor cell biology is the isolation
of a cell, directly from the tissue of interest, which exhibits
the predicted lineage restriction. Until such a cornerstone is
provided, no hypothesis regarding the biology of a partic-
ular precursor cell population can be comprehensively
examined.
At present, it appears that the most likely explanation of
available data is that although Olig expression may indicate
the likely fate(s) of an unperturbed cell in vivo, it does not
define the developmental potential of the precursor cell
population in which such expression was induced by local
environmental signals (Fig. 2). Such a hypothesis is consis-
tent with the expression of Olig2 at stages of spinal cord
development (Sun et al., 2001) when current studies suggest
that the whole cord appears to be composed of NSCs.
Indeed, both Olig1 and Olig2 genes are expressed before
the appearance of motor neurons or oligodendrocytes.
Expression of Olig1 and Olig 2 genes is seen in the ventral
third of the spinal cord neuroepithelium of the embryonic
mouse as early as E8.5 (Lu et al., 2000; Zhou et al., 2000),
long before the appearance of PDGFRa-expressing cells in
a more restricted region of the ventral cord of the embryonicFig. 2. The relationship between Olig2 expression and developmental plasticity. Av
(and also olig1) is indicative of fate in a cell that remains in an environment in w
developmental plasticity of that cell. A neuroepithelial stem cell that is olig+ can sti
cell can still be induced to generate any of the glial populations of the CNS, and an
type-2 astrocytes.mouse at E12.5 (Pringle and Richardson, 1993a; Pringle et
al., 1996). The suggestion that cells induced to express Olig
genes are not committed is also consistent with the ability of
cells that would have expressed Olig genes (or, in the
heterozygotes discussed above, which do express Olig
genes) to differentiate into astrocytes (Takebayashi et al.,
2002; Zhou and Anderson, 2002). In addition, that precursor
cells induced to express Olig genes in vivo might not
generate astrocytes (if that is in fact the case) reveals
nothing of the identity of the cellular populations in which
expression of these genes is induced. It seems very clear that
Olig gene expression is regulated by the microenvironment
in which a precursor cell functions. Identical precursor cells
(e.g., NSCs) exposed to Shh or BMP clearly express Olig
genes, or are repressed from expressing Olig genes, respec-
tively (Lu et al., 2000; Mekki-Dauriac et al., 2002; Nery et
al., 2001; Tekki-Kessaris et al., 2001). In addition,
A2B5 + PDGFR+ cells (which would be expected to be
Olig2+, Lu et al., 2000; Zhou et al., 2000) isolated from
ventral spinal cord of E15 or E16 rats can readily generate
type-1 astrocytes when exposed to BMP (Gregori et al.,
2002). Thus, at these late post-motor-neuron stages of
development, it also appears likely that Olig gene expres-
sion is only indicative of how a precursor cell is likely to
develop if it is not exposed to signals that induce other
developmental pathways.
We suggest that current evidence most strongly favors
the developmental model shown in Figs. 3A and B, if one
makes the assumption that only one developmental pathway
is involved in the generation of oligodendrocytes. This
model is based upon the integration of multiple avenues
of analysis with what is known about those precursor cell
populations that have been successfully isolated from the
developing spinal cord. Within the developing spinal cord, a
restricted cohort of NSCs is induced to express Olig1 and
Olig2 as a result of exposure to Shh. These cells are not
committed to any particular fate, but if they are not exposed
to conflicting signals, they will develop into motor neurons
or oligodendrocytes. After the time that motor neurons are
born, there exists both ventrally and dorsally a population of
A2B5+ GRP cells that all share the ability to generate
oligodendrocytes and two populations of astrocytes in vitro.ailable data, as discussed in the text, indicate that while expression of olig2
hich this gene expression pattern is maintained, it is not an indicator of the
ll differentiate to yield any of the major cell types of the CNS, an olig+ GRP
olig+ O-2A/OPC can still be induced to generate both oligodendrocytes and
Fig. 3. Diagrammatic representation of what currently seems to have a high likelihood of being correct regarding spinal cord development, and of areas where
competing hypotheses currently exist. In the earliest stages of spinal cord development, local signals (e.g., sonic hedgehog) in the pMN domain induce
expression of olig genes in neuroepithelial stem cells. After the generation of motor neurons, it remains possible to isolate both NRP and GRP cells from the
E13.5 rat spinal cord. At E14.5 some of the GRP cells express PDGFRa and NG2, but these cells retain their full tripotential developmental plasticity. O-2A/
OPCs first appear in the rat spinal cord at E17/18, and have been shown in vitro to be generated from GRP cells. The first oligodendrocytes (as defined by GalC
expression) appear in the spinal cord at E20. At the time that motor neurons are being generated, multiple hypotheses regarding the details of development
remain viable. The GRP/NRP hypothesis (A) proposes that there is an early segregation between glial-restricted and neuron-restricted lineages, with olig gene
expression having different consequences for GRP cell differentiation than for NRP cell differentiation. The olig+ GRP cell, in particular, would express
PDGFR and NG2, and would at a later developmental stage generate O-2A/OPCs. Tripotential GRP cells that do not express olig (either because they were
never induced to express it, or have entered in an environment where olig expression is antagonized, e.g., by BMP signaling) would go on to generate
astrocytes, potentially through the intermediate generation of an astrocyte-restricted precursor cell. The MNOP hypothesis (B) proposes, in contrast, that olig-
expressing NEP cells generate a precursor cell that specifically generates motor neurons and oligodendrocytes, presumably through an O-2A/OPC intermediate
or the generation of an olig-expressing (PDGFRa+NG2+) GRP cell. Other possibilities also exist, for example, in which both pathways may be employed
during normal development, with some oligodendrocytes generated through an MNOP pathway and others through a GRP cell pathway (C).
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2+ and, under normal developmental circumstances, will go
on to generate PDGFR +NG-2 +Olig1/2+ O-2A/OPCs.
What happens during the period just before and during
motor neuron generation is less fully defined. The strictest
formulation of the GRP/NRP hypothesis makes the testablepredictions, however, that intermediate between the Olig1/
2+ NSC and the motor neuron is a PSA-N-CAM+ NRP cell.
Separate from this would be the A2B5+ GRP cell. We
stress, however, that there is no a priori reason to believe
that there is only one developmental pathway that is utilized
to generate any of the cell types of the CNS (as, e.g., in Fig.
M. Noble et al. / Developmental Biology 265 (2004) 33–52 493C). Moreover, the failure to find a particular precursor cell
population may represent the lack of appropriate isolation
and growth conditions rather than the nonexistence of the
population. Thus, it is important to remain open to the
possibility that still new precursor cells will be identified as
study of the developing spinal cord continues.
Despite the arguments that appear to currently favor the
GRP/NRP hypothesis over the MNOP and MNP/OPC
hypotheses, one of the rewards of scientific research is that
being wrong also opens up new opportunities. For example,
if a precursor cell restricted to the generation of motor
neurons and oligodendrocytes truly can be shown to exist,
then finally initiating a cellular biological analysis of its
properties will be of great interest. Once this controversy is
settled, then attention can shift fully to the analysis of how
such proteins as the Olig transcription factors work to
regulate development, experiments that will only be possi-
ble if we correctly identify the target cell—or cells—in
which such interesting proteins exert their effects.Acknowledgments
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